One of the most exciting fields in biomedical research over the past few years is stem cell biology, and therapeutic application of stem cells to replace the diseased or damaged tissues is also an active area in development. Although stem cell therapy has a number of technical challenges and regulatory hurdles to overcome, the use of stem cells as tools in drug discovery supported by mature technologies and established regulatory paths is expected to generate more immediate returns. In particular, the targeting of stem cell signaling pathways is opening up a new avenue for drug discovery. Aberrations in these pathways result in various diseases, including cancer, fibrosis and degenerative diseases. A number of drug targets in stem cell signaling pathways have been identified. Among them, WNT and Hedgehog are two most important signaling pathways, which are the focus of this review. A hedgehog pathway inhibitor, vismodegib (Erivedge), has recently been approved by the US FDA for the treatment of skin cancer, while several drug candidates for the WNT pathway are entering clinical trials. We have discovered that the stem cell signaling pathways respond to traditional Chinese medicines. Substances isolated from herbal medicine may act specifically on components of stem cell signaling pathways with high affinities. As many of these events can be explained through molecular interactions, these phenomena suggest that discovery of stem cell-targeting drugs from natural products may prove to be highly successful.
Introduction
Over the past 30 years, developmental biology studies have revealed key signal transduction processes involved in embryonic development. Signals elicited by the extracellular WNT, Hedgehog, Notch, fibroblast growth factors (FGF), and transforming growth factor (TGF)-β proteins are the most important events. Through intracellular signaling cascades, these secreted proteins transduce signals to the recipient stem cells or their differentiated progeny. As a result, the stem cells or differentiated cells undergo cellular phenotypic changes in self-renewal, differentiation, proliferation or migration. The consequences of these signaling events lead to changes at the organism level, which are manifested as the development of the embryo or as physiological functions in adults. Among these signaling pathways, the WNT and Hedgehog signaling pathways are perhaps the most essential to the development of all metazoans. From decades of genetic research, the key components of the WNT and Hedgehog signaling cascades and the mechanisms by which these signals act in embryonic development have been well-established. By contrast, our understanding of how these molecules maintain homeostasis and regeneration in adults is still limited. The advances in stem cell research and chemical biology have now provided an opportunity to investigate these pathways in a broad range of biological systems and disease models. In particular, there are now unique experimental opportunities to use chemical modulators of the WNT and Hedgehog pathways to explore disease mechanisms and the therapeutic utility of these modulators.
The WNT pathway
The WNT genes were first discovered in Drosophila genetic studies [1] and then later in cancer biology as the mouse oncogene int-1 [2] ( Figure 1 ). In humans, the WNT proteins are a Review www.nature.com/aps An SM et al Acta Pharmacologica Sinica npg family of 19 lipidated and glycosylated proteins that play essential roles in diverse processes such as stem cell selfrenewal, differentiation, cell polarity, proliferation and migration (The WNT homepage: http: //www.stanford.edu/ group/nusselab/cgi-bin/wnt/). Perturbations in the levels or activities of the WNT proteins or of any of the signaling components in the WNT pathway result in changes in embryonic development or adult physiology [3] . The WNT proteins modulate both the canonical (β-catenindependent) and the non-canonical (β-catenin-independent) WNT signaling pathways. The canonical WNT signaling pathway stabilizes β-catenin and, thus, the transcription of genes known to regulate a vast array of cellular functions ( Figure 2 ). The non-canonical WNT signaling pathway does not activate β-catenin but instead transduces signals to affect cell polarity and migration through the planar cell polarity pathway and small GTPases.
The Hedgehog pathway
The Hedgehog gene was also first discovered in Drosophila genetics [1] . In vertebrates, the Hedgehog proteins are a family of three lipidated proteins (Sonic, Desert and Indian Hedgehog) that play essential roles in diverse processes, such as stem cell self-renewal, differentiation, and proliferation [4] . Hedgehog proteins act through their receptors to transduce signals inside the cells, resulting in the regulation of embryonic development or adult physiology [5] . Hedgehog signaling also consists of canonical and noncanonical pathways [6] . The canonical pathway, shown in Figure 3 , transduces Hedgehog signaling to the Gli family of transcription factors, which regulate the transcription of genes involved in a vast array of cellular functions [4] . The noncanonical Hedgehog signaling pathway does not involve Gli, but rather it transduces signals via the calcium-dependent activation of AMPK, which triggers rapid Warburg-like metabolic reprogramming and is required for proper metabolic selectivity and flexibility in muscle and fat [7] .
Stem cell signaling pathways in diseases
Given the importance of stem cell signaling pathways in embryonic development, it is not surprising that genetic mutations that perturb pathway activities result in growth abnormalities in humans. Because many physiological homeostasis activities and pathological responses in adults are related to stem cell functions, aberrations in the pathways that regulate stem cells result in diseases. Several human diseases, especially those associated with tissue damage and repair, such as cancer, fibrosis, degenerative diseases and skeletal repairs, are the most relevant [3] .
The Wnt pathway in cancer A possible role for the WNT pathway in cancer was first discovered in the 1980s in mouse models of breast cancer. Aberrant over-expression of WNT1, induced by a viral insertion at the Wnt1 locus (also known as int1), causes spontaneous mammary hyperplasia and tumors in mice [8] . Further studies found that both WNT1 and other WNTs promoted the stabilization of free pools of β-catenin (CTNNB1) and the activation of CTNNB1-dependent transcription [9] . In the 1990s, several studies pointed to a crucial role for hyperactivated WNT-CTNNB1 signaling in colorectal cancers [10, 11] . Inherited inactivating mutations in adenomatous polyposis coli (APC) are found in patients with familial adenomatous polyposis (FAP), www.chinaphar.com An SM et al Acta Pharmacologica Sinica npg which can progress to colorectal carcinomas. These observations established that the unregulated activation of the WNT pathway is the most important oncogenic event in colorectal tumorigenesis [12] . Strikingly, activating CTNNB1 mutations or inactivating APC mutations occur in more than 80% of patients. A recent study revealed another mechanism by which 10% of colorectal tumors activate the WNT pathway; in this case, two genes encoding enhancers of the WNT ligands R spondin-2 and R spondin-3 are transcriptionally activated by fusion to other genes [13] . In addition to colorectal cancer, several other types of cancer carry mutations in the WNT pathway. For example, liver cancer has approximately a 25% chance of gaining activating mutations in CTNNB1 or APC, while gastric cancer has approximately a 20% chance and lung cancer has approximately a 2% chance of gaining such mutations (Sanger Cancer Genome Project database, http: //www.sanger.ac.uk/genetics/CGP/). Liver cancer and gastric cancer, along with colorectal cancer, are some of the most prevalent types of cancer in China.
Another aspect of cancer development involving the WNT pathway is metastasis. Several recent studies have suggested that WNT signaling plays a critical role in the development of metastasis. Nguyen and colleagues showed that the activation of the canonical WNT/TCF pathway is a determinant of metastasis to brain and bone during lung adenocarcinoma progression [14] . In addition, Haber and colleagues showed that circulating tumor cells (CTCs) that are shed from pancreatic tumors express WNT2, which suppresses anoikis, enhances anchorage-independent sphere formation, and increases the metastatic propensity in vivo. The formation of non-adherent tumor spheres by pancreatic cancer cells is associated with the upregulation of multiple WNT genes, and pancreatic CTCs displayed an enrichment for WNT signaling in 5 out of 11 cases. These analyses identified the WNT pathway as a candidate therapeutic target to prevent the distal spread of cancer [15] . The successful initiation of metastatic growth (metastatic colonization) is also linked to WNT signaling. Malanchi and colleagues demonstrated that a small population of cancer stem CSCs is critical for metastatic colonization because the initial expansion of cancer cells at the secondary site interact with the stromal niche signals. They found that periostin (POSTN), a component of the extracellular matrix, is expressed both in the stroma of the primary tumor and by fibroblasts in the normal tissue. The role of POSTN in cancer stem cell maintenance and metastasis is to recruit Wnt proteins and thereby increase WNT signaling in CSCs [16] . The relationship between the WNT pathway and metastasis is not surprising given the importance of WNT signaling in mesenchymal development and the epithelial-mesenchymal transition (EMT) during embryonic development. EMT and the reverse mesenchymal-epithelial transition (MET) are analogous between development and tumor metastasis [17] .
The Wnt pathway in fibrosis Recent investigations implicate WNT signaling in abnormal wound repair that leads to fibrosis. In patients with fibrotic diseases, there is elevated expression in components of the pathway. In animal models, the activation of the WNT canonical signaling pathway is responsible for injury repair that leads to fibrogenesis [18] . Several types of fibrosis have been linked to the WNT pathway. For example, idiopathic pulmonary fibrosis (IPF) patients display aberrant activation in the WNT/β-catenin signaling pathways in the lungs [19] . Additionally, it was found that significant increases in the nuclear levels of β-catenin occur in fibroblasts in the skin of systemic sclerosis patients compared to fibroblasts in the skin of healthy individuals. It was further shown that the nuclear accumulation of β-catenin has direct implications for the development of fibrosis in mice with fibroblast-specific stabilization of β-catenin. In contrast, fibroblast-specific deletion of β-catenin significantly reduced bleomycin-induced dermal fibrosis [20] . A link between the canonical WNT pathway and a wellknown fibrogenic pathway, TGF-β pathway, has been recently reported. While the activation of the canonical Wnt pathway stimulates fibroblasts in vitro and induces fibrosis in vivo, TGF-β stimulates canonical WNT signaling by decreasing the expression of the WNT antagonist DKK-1. Transgenic overexpression of DKK-1 ameliorates skin fibrosis induced by constitutively active TGF-β receptor signaling. These findings not only demonstrated that the canonical WNT pathway is necessary for TGF-β-mediated fibrosis but also identified a novel interaction between two key pathways in fibrosis [21] .
The Wnt pathway in cardiac remodeling after acute myocardial infarction As an important regulator of differentiation and morphogenesis that controls stem cell fates, the WNT pathway is one of the important signals that forms the heart. Indeed, the organogenesis of the heart is tightly controlled by WNT signaling [22] . This knowledge has been used in the induction of mesoderm tissue and subsequent cardiac differentiation from human ES cells in culture by using modulators of the WNT pathway. In the early phase, activation of canonical WNT signaling enhances mesoderm induction, while the later cardiac differentiation requires the inhibition of the canonical signal. This biphasic control of the WNT pathway permits the efficient generation of cardiomyocytes from human ES or iPS cells, and modulators of WNT signaling have been postulated as useful tools or drugs for basic studies or cardiac repair applica tions [23, 24] . Upon myocardial infarction, the heart reactivates several signaling pathways involved in cardiogenesis in an attempt to regenerate itself. It has been shown that the inhibition of canonical WNT signaling significantly reduces post-infarction mortality and functional decline. In addition, WNT signaling is implicated in the process of left ventricular (LV) remodeling by soluble frizzled-related proteins (sFRPs) that block the WNT-dependent activation of the canonical WNT pathway. In animal studies, sFRPs injected into the heart attenuated LV remodeling. Notably, sFRPs are secreted from bone marrow-www.nature.com/aps An SM et al Acta Pharmacologica Sinica npg derived mononuclear cells, which may serve as a mechanism for the therapeutic action of such cells in human heart failure patients [25] . The cellular mechanism by which WNT signaling is involved in cardiac remodeling processes may be related to its role in fibrosis. As mentioned above, the WNT pathway plays a key role in the fibrosis of various organs. Much remains to be discovered about the role of WNT signaling before its therapeutic potential in heart failure can be more effectively explored [26] .
The Wnt pathway in bone diseases
Another class of diseases where WNT signaling plays an important role is the skeletal diseases, such as osteoporosis. This connection once again stems from the involvement of this pathway in embryonic development, during which WNT signaling plays a key role in the development of bone, cartilage and muscle. For example, inactivating mutations of the SOST gene cause a reduction in sclerostin levels and are associated with high bone mass and unusual skeletal strength. The demonstration of sclerostin as an inhibitor of the WNT pathway quickly led to the development of an anti-sclerostin antibody for the treatment of osteoporosis [27] .
The Hedgehog pathway in cancer
A direct link between Hedgehog signaling and cancer was discovered in the 1990s. Activating mutations in two key Hedgehog signaling components, Patched (PTCH), and Smoothened (SMO), were discovered in medulloblastomas and basal cell carcinomas [28, 29] . Since then, attempts have been made to identify links between the pathway and other more prevalent types of cancer. However, it appears that the activation of Hedgehog signaling in tumor cells by mutational events is limited, although paracrine activation of Hedgehog signaling in the tumor stroma appears to be a more dominant mechanism [30] .
The WNT and Hedgehog pathways in CSCs
Tumor relapse and metastasis remain major obstacles in cancer treatments. The hypothesis that tumors are maintained by dedicated stem cells, the cancer stem cell hypothesis, has attracted great interest. The purported cancer CSCs or tumorinitiating cells (TICs) are thought to have similar properties to those of stem cells, including the ability to self-renew, to form differentiated progenies and to develop resistance to chemotherapy. It is reasonable to postulate that CSCs employ many of the same signaling pathways found in normal stem cells, such as the WNT, Hedgehog and Notch pathways [31] . Zhao et al showed that the loss of the Hedgehog pathway component SMO decreases the induction of chronic myelogenous leukemia (CML) by BCR-ABL. Loss of SMO causes the depletion of CML stem cells, whereas constitutively active SMO augments the CML stem cell number and accelerates the disease. These data indicate that the Hedgehog pathway is required for the maintenance of hematopoietic CSCs [32] . The origin of CSCs is not fully understood, but recent data suggest that they can originate from normal stem or progenitor cells that live long enough to accumulate the multiple genetic changes necessary to initiate a tumor. In a mouse model, Schepers and colleagues provided direct functional evidence for the presence of stem cell activity within primary intestinal adenomas, which are precursors to intestinal cancer. By "lineage retracing", they demonstrated that the crypt stem cell marker Lgr5 marks a subpopulation of adenoma cells that fuel the growth of established intestinal adenomas. Notably, Lgr5 is a direct target gene of the canonical WNT pathway, which is expressed in normal gut stem cells in the crypt [33] . A recent study that used a genetic model of intestinal epithelial cell (IEC)-restricted constitutive WNT pathway activation demonstrated that WNT signaling that was induced by NF-κB signaling induced the de-differentiation of non-stem cells that go on to acquire tumor-initiating capabilities [34] .
Drug discovery for the WNT and Hedgehog pathways
Drug discovery based on the WNT and Hedgehog pathways has been one of the most active areas in the drug discovery field over the past decade. Many pharmaceutical companies and research institutes have been actively searching for both small molecule and large molecule drugs targeting these pathways. Recently, remarkable progress has been made in the search for drugs for the WNT pathway, and a hedgehog pathway antagonist, vismodegib (Erivedge), has recently been approved by the US FDA for the treatment of skin cancer.
Hedgehog pathway inhibitors of cancer
The first small molecule inhibitor targeting SMO was discovered by the biotech company Curis [35] . In collaboration with Curis, Genentech/Roche developed GDC0449 for the treatment of advanced basal cell carcinoma of the skin. Clinical trial results showed dramatic efficacy of the drug vismodegib (Erivedge) in patients with metastatic basal cell carcinoma [36] . This led to the market approval of the drug by the US FDA in 2012, a milestone for drug development in this field. GDC0449 and several other SMO antagonists are currently being tested in clinical trials as potential treatments for medulloblastoma, pancreatic cancer, ovarian cancer and hematopoietic cancers.
WNT pathway inhibitors of cancer
Given the importance of the WNT pathway in many types of cancer, it is not surprising that the discovery of drugs targeting this pathway has been actively pursued by both the pharmaceutical and biotech industries. After a decade of failures, several promising programs have entered clinical trials over the past two years.
The most advanced clinical program is an anti-Frizzled antibody from OncoMed Pharmaceuticals that entered into Phase I clinical trials in 2011. Published data show that this panFrizzled antibody (OMP18R5) has remarkable anti-tumor efficacy in many preclinical patient-derived xenograft models [37] . OncoMed also has several other WNT pathway inhibitors in their pipeline, including a Frizzled-8 Fc fusion protein and an antibody against R-spondin/LGR5.
Also in clinical Phase I trials is a small molecule inhibitor of Several WNT inhibitors have also been pursued in preclinical studies. For example, by screening for agents that specifically kill CSCs, Weinberg, Lander and colleagues discovered compounds that are selectively toxic to CSCs isolated from breast cancers. One compound, salinomycin, inhibits mammary tumor growth in vivo and induces increased epithelial differentiation of tumor cells [38] . A subsequent study by another group demonstrated that salinomycin is a potent inhibitor of the WNT signaling cascade and acts by interfering with LPR6 phosphorylation [39] . The compound was once pursued by the biotech company Verastem in preclinical development targeting breast cancer.
Wnt pathway inhibitors for fibrosis
Because aberrant activation of the WNT signaling cascade occurs in the lungs of patients with pulmonary fibrosis, targeting this pathway for intervention in IPF has been investigated. Henderson Jr and colleagues showed that ICG-001, a small molecule that specifically inhibits TCF/β-catenin transcription in a CBP-dependent fashion, significantly attenuates bleomycin-induced lung fibrosis in mice. Because no effective treatment for IPF currently exists, the selective inhibition of canonical WNT signaling may become a potential unique therapeutic approach for pulmonary fibrosis [40] . The role of WNT signaling in dermal fibrosis was investigated by targeting tankyrases as novel molecular targets for the inhibition of canonical WNT signaling. The anti-fibrotic effects of the tankyrase inhibitor XAV-939 in experimental fibrosis was shown by the effective reduction of bleomycininduced dermal thickening, the differentiation of resting fibroblasts into myofibroblasts and the accumulation of collagen. Thus, tankyrase-mediated canonical WNT signaling might be a potential target for therapy in fibrotic diseases [41] .
Wnt pathway inhibitors for cardiac remodeling after myocardial infarction Young and coworkers showed that daily administration of pyrvinium, a small molecule inhibitor of WNT signaling and an FDA-approved anti-parasite drug, directly into the heart of mice with myocardial infarction (MI) reduced adverse cardiac remodeling [42] . Unfortunately, the underlying mechanism has not been well studied, and pyrvinium is not a suitable compound for heart failure therapy because of its toxicity. Nevertheless, these results encourage the testing of other WNT inhibitors in this disease model.
Wnt pathway activators for osteoporosis
Given the dramatic bone phenotype caused by the SOST mutations, the inhibitor of sclerostin quickly became a drug candidate for the treatment of osteoporosis, and a monoclonal antibody against sclerostin AMG785 has been developed by the biotech giant Amgen. Phase II results released by Amgen strongly suggest that this inhibitor holds promise for osteoanabolic therapy of osteoporosis [43] .
TCM nature products targeting stem cell pathways Natural products, particularly Chinese herbal medicines, are rich sources of pharmacologically active substances. Identifying the active ingredients in traditional Chinese medicines (TCMs) has been an active area of research in the Chinese pharmacological community. Through our own investigations, we have discovered that the stem cell signaling pathways tend to be targeted by the natural products in TCMs. Many pharmacologically active substances isolated from plants or microbes specifically act on components of stem cell signaling pathways with reasonable affinities. For example, the Chinese herbal medicine Qingdai, which is derived from the plant Indigofera suffruticosa, contains a chemical called indirubin ( Figure 4 ). As a component in a famous TCM formula Dong Gui Long Hui Wan, Qingdai has been used in China for years for the treatment of leukemia and other types of cancers. Notably, the active ingredient indirubin has been identified as an inhibitor of GSK-3β, a key intermediate of the WNT pathway, and WNT signaling has been implicated in leukemias such as CML and other types of cancers. The Indigofera genus has more than 700 species, and different indirubins have been discovered in various plants in the genus and in marine organisms. It is logical to predict that novel pharmacologically active indirubins can be discovered using a WNT pathway screening assay. Another example comes from cyclopamine, a steroidal alkaloid extracted from Veratrum. It has been shown that cyclopamine inhibits Hedgehog signaling by directly binding with SMO ( Figure 5 ). Such a specific molecular interaction is perhaps not surprising given that the natural ligands for SMO are oxysterols [44] . In TCMs, Veratrum has been used for many years, including its use as part of a special folk remedy for treating skin cancer. It would not be surprising to discover that the therapeutic effects of cyclopamine are caused by the inhibition of the Hedgehog pathway in the most common form of skin cancer, basal cell carcinoma. There are more than 80 different species of Veratrum plants in China, and it would be interesting to identify novel cyclopamine-like compounds that may serve as drug candidates or as origins for novel derivatives.
Perspectives
Stem cell research has great potential not only to enhance our understanding of basic biology but also to revolutionize the practice of medicine. In addition to cell therapy, the use of proven approaches to discover drugs that target stem cell signaling pathways offers a particularly exciting opportunity. Over the past few years, remarkable progress has been made in the search for drugs that target two of the most important stem cell pathways, the WNT and the Hedgehog pathways. The pharmaceutical industry has placed great expectations on a number of clinical candidates that target these pathways.
Of perhaps the most interest to the Chinese pharmaceutical community is the tendency of traditional Chinese medicines to target these stem cell signaling pathways. Many pharmacologically active substances isolated from plants or microbes act specifically on components of stem cell signaling pathways. As such events can be explained through specific molecular interactions, this phenomenon is non-random and suggests that the targeted discovery of stem cell-modulating drugs from natural products may prove to be highly successful ("druggability"). Many novel compounds can potentially be discovered by using stem cell signaling assays to screen the vast resources of medically active herbal medicines in China.
